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The growing complexity of 
U.S. Department of Energy 
(DOE) mission challenges in 

energy security, environmental 
restoration, and climate protection 
requires the development of break-
through technologies. In the coming decades, biology-
based technologies using living organisms or their compo-
nents such as genes and proteins can play a growing role 
in providing innovative solutions and in informing policy 
and decision making.
The Genomics:GTL (GTL, formerly Genomes to Life) 
research program focuses on developing technologies to 
understand and use the diverse capabilities of microbes, 
which make up the foundation of the biosphere and sustain 
all life on earth (see The Microbial World, pp. 2–3). DOE 
has sponsored the genome sequencing of some 200 microbes 
relevant to generating clean energy, cleaning up toxic waste 
from nuclear weapons development, and cycling carbon from 
the atmosphere. Before we can harness and use microbial 
processes, however, they must be understood in far greater 
detail and in the realistic context of living, dynamic systems—
whether as individual cells or communities of interacting 
cells—rather than such components as genes or proteins.

Achieving a Predictive 
Understanding Through 
Systems Biology
The ultimate GTL goal is to generate 

increasingly accurate mathematical models of life processes 
that allow the use of genome (DNA) sequence to predict 
microbial cell and community responses to varying envi-
ronmental conditions. This level of knowledge will support 
the creation and confident use of new or modified systems 
tailored for specialized applications.

A comprehensive approach to understanding biological 
systems must encompass genes and proteins, multimolecular 
assemblies (“molecular machines”), pathways and interacting 
networks, whole cells, communities of cells, and environ-
ments (see sidebar, The Basics, p. 4). Surmounting the techni-
cal challenges presented by these multiscale explorations into 
whole living systems is a daunting prospect that will require 
dramatic improvements in research performance, through-
put, quality, and cost. New capabilities also will be needed 
in computation, modeling, and simulation, all of which are 
integral parts of systems biology research. The GTL research 
strategy (p. 4) is designed to meet these challenges.

Catalyzing 
Research and 
Industry
GTL will make its 
resources, facilities, and 
knowledgebase avail-
able to all scientists 
and industry, enabling 
cutting-edge investiga-
tions on the systems 
biology level and fos-
tering participation by 
the greater community 
in solving DOE mis-
sion problems. These 
enabling capabilities 
also will facilitate rapid 
translation of science 
into new technologies 
and catalyze the indus-
trial biotechnology 
sector of the economy.

Grand Challenges for Biology, Payoffs for the Nation

Goal

Program Overview
Genomics:GTL  Systems Biology for Energy and Environment

doegenomestolife.org
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The GTL research program uses microbial DNA 
sequences as the foundation upon which to build 
an integrated view of how life works. This whole-

systems approach envisions microbes as a complete set of 
intersecting processes and will illuminate fundamental prin-
ciples of life and move us closer to practical applications.

Multiscale Explorations
Obtaining this level of knowledge requires investigations 
of both individual microbes and their natural communi-
ties. GTL analyzes key microbial properties and processes 
on three levels.

Molecular: Focusing on genes, proteins, multicompo-
nent protein complexes, and other biomolecules that 
perform cellular functions.
Whole cell: Investigating how molecular processes, 
networks, and subsystems are controlled and coordinated.
Microbial community: Under-
standing how microbes interact 
to carry out coordinated ecosys-
tem processes.

The GTL research strategy will 
rely on traditional DOE strengths 
in advanced scientific technolo-
gies including computing and on 
multidisciplinary teams focused on 
strategic science goals and managed 
for results.

New User Facilities, 
Integrated Computational 
Environment
While individual microbes are 
among the simplest of organisms, 
their species diversity and com-
munity interactions require analyses 
of great scale and complexity. To 
meet these challenges, technologies 
will be scaled up in new high-
throughput user facilities (see User 
Facilities, p. 5) that will support 
the comprehensive level of analy-
sis required for complete systems 
knowledge. An integrated computa-
tional environment will link all data 

•

•

•

with theory, modeling, simulation, and experimentation to 
derive principles and develop and test biosystems theories.

GTL Knowledgebase
Computational comparison of DNA sequences across spe-
cies has become a powerful analytical technique, yielding 
insights into gene function and facilitating hypothesis 
development. In the new era of systems biology, all-
against-all comparisons of the much more extensive data 
amassed in GTL—all linked to DNA sequence—will 
sharpen and accelerate insights into microbial pro-
cesses and research strategies. The GTL computational 
knowledgebase, along with high-throughput facilities, 
ultimately will reduce analysis time for microbial systems 
from many years to months, bringing with it more timely 
applications to national problems.

The Basics: From DNA to Living Cells to Communities
• Cells contain DNA—the hereditary material of all living systems.

• The genome is an organism’s complete set of DNA.

• DNA contains genes whose sequences specify how and when to build proteins.

• Proteins perform most essential life functions, often working together as mo-
lecular machines. In addition, they form most cell structures.

• Molecular machines interact through complex, interconnected pathways and 
networks to make the working cell come alive.

• Communities of cells are associations of microbes (each a single cell) working 
together in a particular environmental niche.
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Technical challenges presented by GTL analyses 
and the scale of systems that must be under-
stood—from genomes to ecosystems—exceed 

current capabilities. As we have learned from the genome 
projects, consolidating technologies and focusing on aggres-
sive goals will drive dramatic improvements in performance, 
quality, and cost, ultimately accelerating discovery and 
reducing the time needed to develop useful applications.
Building on this experience, DOE’s Office of Science has 
proposed four new facilities to make GTL goals tractable 
and affordable and to support the next generation of indus-
trial biotechnology. Although each facility can serve a user 
community for a wide range of independent studies, the 
entire suite has complementary strengths that together can 
help provide complete systems knowledge.
Two focus on analysis of properties and functions of cellular 
components, proteins, and molecular machines:

The Facility for Production and Characterization of 
Proteins and Molecular Tags will produce all proteins 
encoded in any genome; create molecular tags that allow 

•

each protein to be identified, located, and manipulated 
in living cells; and perform biochemical and biophysical 
characterization of proteins produced.

The Facility for Characterization and Imaging of 
Molecular Machines will identify and characterize 
molecular assemblies and interaction networks to 
determine how cellular molecular processes function on 
a whole-systems basis.

The other two will concentrate on analyzing microbial sys-
tem responses and functions at the molecular, cellular, and 
community levels:

The Facility for Whole Proteome Analysis will iden-
tify (1) all proteins and other molecules that a microbe 
or community creates under controlled conditions and 
(2) key pathways and other processes.

The Facility for Modeling and Analysis of Cells and 
Communities will concentrate on the systems-level 

study of living cells 
in complex and 
dynamic structured 
communities.

These four facili-
ties will bring 
together the 
biological, physi-
cal, computational, 
and engineering 
sciences to create 
a new infrastruc-
ture for biology 
and the industrial 
biotechnology 
needed to solve 21st 
Century problems. 
DOE’s technol-
ogy programs can 
work with indus-
try to apply such 
capabilities and 
knowledge to a 
new generation of 
processes, products, 
and industries.

•

•

•

DOE Genomics:GTL High-Throughput 
User Facilities
Understanding Biological Capabilities 
at All Scales

“Many researchers are stymied by lack of access to the 
expensive instruments that would enable them to make the 
greatest strides.” — M. Schaechter, R. Kolter, and M. Buck-
ley, Microbiology in the 21st Century: Where Are We and Where 
Are We Going? American Society for Microbiology (2004).

USER FACILITIES



Genomics:GTL Program Plan

6 U.S. Department of Energy                    Office of Science   Genomics:GTL Program, 2005

Joint Genome Institute
The sequences of DOE-relevant microbes have been provided 
largely by BER’s Joint Genome Institute ( JGI), an important 
resource that is producing microbial, microbial-community, and 
other genome sequences. As a user facility, JGI also makes its 
services available to the broader community. To help research-
ers analyze the deluge of DNA data on microorganisms, JGI 
recently brought online a clearinghouse web site, Integrated 
Microbial Genome (http://img.jgi.doe.gov/v1.1/main.cgi).

Numerous projects funded by BER since FY 2002 
have established a strong foundation for GTL. 
Projects focus on systems biology, with some 

pilots chosen to establish capabilities and concepts for later 
scaleup in user facilities. GTL research milestones and brief 
descriptions of selected projects follow.

GTL Research Milestone 1: Develop Techniques to Determine 
the Genome Structure and Functional Potential of Microbes and 
Microbial Communities

DOE has long supported the sequencing of individual 
microbial genomes. Recent studies are focusing on 
sequencing whole microbial communities in diverse 
natural environments in order to explore the capabilities 
of microbes that cannot be cultured. Such “environmen-
tal genomics” approaches have been applied to studying 
communities in a specific locale as well as single genes, 
pathways, and whole organisms. Data analyses have 
revealed a broad spectrum of genomes, genes, and previ-
ously undiscovered functions. 
These studies will produce 
a multitude of new insights 
into the dynamics between 
microbes and their environ-
ments and potentially could 
catalyze development of 
numerous practical applica-
tions.
Improved methods for syn-
thesizing genomes are being 
developed to test the under-
standing of gene function 
and regulation.
Technologies are being 
refined, validated, and 
deployed in increas-
ingly automated pilot 
pipelines focusing on a 
number of microbes to 
cultivate, isolate, stabi-
lize, and characterize 
molecular complexes 
by making use of min-
iaturization and other 

•

•

•

developments. Early results underscore the need for 
multiple technologies to characterize the thousands of 
protein complexes required by GTL studies each year 
and to eliminate the many bottlenecks that remain.

GTL Research Milestone 2: Achieve a Systems-Level 
Understanding of Microbial Cell and Community Function, 
Regulation, and Dynamics

A number of in-depth systems biology projects on indi-
vidual organisms focus on integrating the analyses of 
cellular proteomes, biochemistry, and imaging and on 
modeling pathways.

Research on gene regulation is exploring master regula-
tors, which tightly and predictably control cellular pro-
cesses and responses to internal and external signals.

Projects investigating biological mechanisms with 
potential for alternative fuel production include studies 
on the role of cellulose-binding modules in cellulolytic 

activity (for cellulosic ethanol) 
and large-scale analysis of 
genes and metabolic pathways 
involved in photolytic hydrogen 
production.

GTL Research Milestone 3: 
Develop the Knowledgebase, 
Computational Methods, 
and Capabilities to Advance 
Understanding and Prediction of 
Complex Biological Systems

A computational frame-
work is being formulated 
for comparative analysis of 
functional genomic data and 
computational models.

Computational meth-
ods are being devised to 
predict the wiring dia-
grams of various micro-
bial response networks, 
which comprise signaling, 
regulatory, and metabolic 
components. 

•

•

•

•

•

Research at the Interface of Disciplines 
Brings Synergistic Impacts
“As we continue to gain the ability to work at very 
small scales and to probe the dynamic, three-dimen-
sional structure of molecules, the interface between 
physical science and life science is of critical impor-
tance. Work at the interface of frontier disciplines like 
bioinformatics, genomics, proteomics, and nano-
technology is greatly enhanced by DOE’s capacity in 
large-scale computation and research tools based upon 
physical science.” — Critical Choices: Science, Energy, 
and Security: Final Report of the Secretary of Energy 
Advisory Board’s Task Force on the Future of Science Pro-
grams at the Department of Energy, October 13, 2002.

GTL RESEARCH IN PROGRESS
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GTL capabilities ultimately will contribute to dra-
matically shortening the technology cycle, allowing 
frontier science to be incorporated more directly 

into useful systems and reducing time and costs expended 
between discovery and use. Comprehensive GTL data and 
models will allow incorporation of scientific discoveries at 
molecular-level time and spatial scales into larger models and 
simulations. These models will cover the large process, spatial, 
and time scales used in mission applications for systems 
engineering of application technologies (e.g., biofuel produc-
tion and bioremediation) and policy-support products (e.g., 
climate models, economic models, and integrated assess-
ments). Some potential applications are described below.

Cellulose-Derived Ethanol
Ethanol from corn already is used as a substitute or octane 
booster for gasoline, displacing about 2% of fossil-fuel use. 
Ethanol from this source, however, has limited potential 
for substantial improvements in volume and cost. Bio-
technology offers the promise of dramatically increasing 
ethanol production using cellulose from plant waste or 
high-biomass crops grown for energy uses.
Using cellulose—the most abundant biological material on 
earth—and other constituents of plant cell walls as feed-
stocks can result in improved energy yields, compared with 
cornstarch. The current commercial approach for convert-
ing cellulose into ethanol, however, uses a complicated and 
expensive multistep process. GTL research will lead to 
an understanding of the processes involved in bioethanol 
production, increased production efficiencies, and 
reduced costs and net carbon dioxide emissions from 
the transportation sector. In the coming decades, this 
R&D will help bioethanol become a cost-competi-
tive alternative to gasoline (see Fig. A).

Synthetic 
Nanostructures
Understanding the 
sophisticated bio-
chemistries of 
microbes can lead to 
the discovery of ways 
to isolate and use 
their components to 
carry out some of the 
functions of living cells. An example in Fig. B shows the 
enzyme organophosphorus hydrolase (OPH, green), which 
has been embedded in a synthetic nanomembrane (mesopo-
rous silica) that enhances its activity and stability [J. Am. 
Chem. Soc. 124, 11242–43 (2002)]. The OPH transforms toxic 
substances (purple molecule at left of OPH) to harmless by-
products (yellow and red molecules at right). Applications such 
as this could optimize the functionality of countless enzymes 
for efficient production of energy, removal or inactivation of 
contaminants, and sequestration of carbon to mitigate global 
climate change. The knowledge gained from GTL also could 
be highly useful in food processing, pharmaceuticals, separa-
tions, and the production of industrial chemicals.

Ecogenomic Sensors
Nanoscale environmental genomic sensors (see Fig. C) 
may one day be used to monitor microbial populations 

POTENTIAL GTL APPLICATIONS

–continued, see Applications, p. 8
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and their interactions with environmental processes, 
including those affected by climate change. The real-time 
approach envisioned by DOE for the National Oceano-
graphic Partnership Program merges information from 
genome research programs with nanotechnologies and 
smart sensors.
The knowledge gained will enhance understanding of the 
genetic diversity and functions of microbial communities and 
help answer key questions about their influence on ocean and 
terrestrial biogeochemical cycles. Microbial sentinels of 
ecosystem changes may forewarn the approach of such events 
as red tide caused by an increase in Pfisteria species. 

Web Sites for More Information and to 
Request Copies of the Roadmap
DOE Office of Science genome programs: 

doegenomes.org

GTL roadmap:  
doegenomestolife.org/roadmap/

Contacts
David Thomassen (301.903.9817) 
U.S. Department of Energy (SC-23) 
Office of Biological and Environmental    
      Research 
david.thomassen@science.doe.gov

Gary Johnson (301.903.5800) 
U.S. Department of Energy (SC-21.1) 
Office of Advanced Scientific Computing  
     Research 
gary.johnson@science.doe.gov

GTL is jointly sponsored by the Office of Biological and 
Environmental Research (BER) and Office of Advanced 
Scientific Computing Research, both within the DOE 
Office of Science (SC). GTL also is coordinated with other 
relevant DOE programs to facilitate the transfer of new 
resources, tools, and processes to the marketplace.
Scientific and technological progress achieved during the 
Human Genome Project, initiated in 1986 by DOE, 
provided the foundation for launching the GTL program 
in 2002. This program brings together biologists, physical 
scientists, and computing scientists to generate the scientific 
understanding needed to develop biobased products for 
energy, environmental, and climate needs. The 2005 GTL 
Roadmap, which builds on and expands the initial program 
plan, is the result of 3 years of collaboration among hun-
dreds of scientists and technologists. Many genome 
sequences used in GTL and determined by BER programs 
have made important contributions to the understanding of 
biology, genetics, and evolution.
For more than half a century, SC has envisioned, designed, 
constructed, and operated many of the world’s premier 
physical research facilities, which continue to grow in 
importance to biology. Through its strategic approach to 
research and through the proposed GTL facilities, DOE’s 
strengths in the biological, physical, and computational 
sciences will bring breakthrough technologies to bear on 
biology. This multidisciplinary approach is consistent with 
the DOE research tradition. GTL user facilities are among 
those featured in SC’s 20-year plan, with the SC director 
noting that “Investment in these [GTL] facilities will yield 
extraordinary scientific breakthroughs and vital societal and 
economic benefits” (Facilities for the Future of Science: A 
Twenty-Year Outlook, www.sc.doe.gov).

Applications, continued from p. 7
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